Abstract Studies examining dual adaptation to opposing novel environments have yielded contradictory results, with previous evidence supporting both successful dual adaptation and interference leading to poorer adaptive performance. Whether or not interference is observed during dual adaptation appears to be dependent on the method used to allow the performer of the task to distinguish between two novel environments. This experiment tested if colour cues, a separation in workspace, and presentation schedule, could be used to distinguish between two opposing visuomotor rotations and enable dual adaptation. Through the use of a purpose designed manipulandum, each visuomotor rotation was either presented in the same region of workspace and associated with colour cues (Group 1), different regions of workspace in addition to colour cues (Groups 2 and 3) or different regions of workspace only (Groups 4 and 5). We also assessed the effectiveness of the workspace separation with both randomised and alternating presentation schedules (Groups 4 and 5). The results indicated that colour cues were not effective at enabling dual adaptation when each of the visuomotor rotations was associated with the same region of workspace. When associated with different regions of workspace, however, dual adaptation to the opposing rotations was successful regardless of whether colour cues were present or the type of presentation schedule.
Introduction
It is well established that the human motor system has the capacity to rapidly adapt movements that are performed in a novel environment, such as rotated visual feedback (Cunningham 1989; Krakauer et al. 1999; Wigmore et al. 2002) or a velocity dependent force-field (Brashers-Krug et al. 1996; Shadmehr and Mussa-Ivaldi 1994) . When presented with two novel environments that are experienced separately (ie. on different trials in an experiment), it may be possible to adapt to both concurrently which is referred to as dual adaptation. Dual adaptation is less well understood than adaptation to a single novel environment with contradictory results reported in the literature. Dual adaptation has been shown to cause interference leading to poorer adaptive performance, with either no evidence of adaptation (Gandolfo et al. 1996; Karniel and Mussa-Ivaldi 2002) or slowed adaptation (Wada et al. 2003) . This is not always the case, however, with other experiments able to demonstrate successful dual adaptation (Bock et al. 2005; Gandolfo et al. 1996; Ghahramani and Wolpert 1997; Hwang et al. 2003; Osu et al. 2004 ). Whether or not interference is observed during dual adaptation appears to be dependent on the type of information presented in the task that enables the performer to distinguish between the two novel environments.
Studies which reported successful dual adaptation associated each of the novel environments with either separate limbs or different postures of the same limb. This association results in a unique mapping between each novel environment and specific muscle recruitment patterns. Gandolfo and colleagues (1996) demonstrated dual adaptation in a reaching task performed in the horizontal plane by associating opposing clockwise (CW) and counter clockwise (CCW) velocity dependent force-fields with different postures of the arm and hand gripping the manipulandum. It was suggested that the two different postures allowed an association of specific intrinsic muscle and joint based coordinates with each of the force-fields. The possibility that the postural difference enabled dual adaptation because it provided external sensory information was considered in two additional conditions. The first failed to show dual adaptation when the same arm and hand grip posture was used for both force-fields when each was only associated with a specific room colour. The second indicated that dual adaptation did not occur when a change in thumb position was associated with each of the force-fields, a postural difference which did not result in a change to the underlying motor requirements of the reaching movements.
It has also been demonstrated by Bock et al. (2005) that dual adaptation to opposing CW and CCW visuomotor rotations occurred when each rotation was associated with movements performed by a different limb. Hwang et al. (2003) provided evidence for dual adaptation to two opposing force-fields that were dependent on both the velocity and position of the limb. When each force-field was associated with distinct start and target positions it was found that subjects could adapt to both environments, with the extent of adaptation improving as the linear separation between start and target positions increased. Dual adaptation to two opposing lateral visual transformations that were dependent on starting position was investigated by Ghahramani and Wolpert (1997) . Subjects were able to adapt to the visual transformations and generalise this learning to intermediate starting positions. All these results are consistent with the notion that the association between each novel environment and distinct motor requirements enables dual adaptation to occur.
In studies where a clear dissociation between each novel environment and specific motor requirements was not present, interference was observed and dual adaptation either did not occur or was found to take much longer. Karniel and Mussa-Ivaldi (2002) failed to show dual adaptation to two opposing velocity dependent force-fields when the direction of the force-field alternated after each movement. The only indication of the direction of the force-field was the position of the trial in the alternating sequence, with movements in both force-fields requiring different motor adjustments to overlapping muscle synergies for adaptation. Even after adaptation to each of the velocity dependent force-fields had occurred independently in separate blocks of trials, subjects still could not dual adapt to the opposing force-fields when presented in the same block of trials in an alternating manner. Wada et al. (2003) reported dual adaptation to randomly presented assistive and resistive velocity dependent force-fields in a single joint task when the task variant was cued only by colour. However, the several days taken to achieve an improvement in performance in the Wada et al. (2003) study was considerably longer than the results reviewed in the previous two paragraphs showing that dual adaptation can occur rapidly in a single session (Bock et al. 2005; Gandolfo et al. 1996; Ghahramani and Wolpert 1997; Hwang et al. 2003) .
Contrary to previous studies in which no clear motor dissociation was present, Osu and colleagues (2004) reported that subjects performing a reaching movement in the horizontal plane could dual adapt to two opposing velocity dependent force-fields over the course of two sessions, when each field was associated with a colour cue only. It was suggested that dual adaptation was facilitated in this experiment by the randomised presentation of the opposing force-fields, which required frequent feed-forward switching by the subjects between the two force-fields. Osu et al. (2004) proposed that the reason previous experiments had failed to demonstrate dual adaptation using cues that were arbitrary to the motor system was because an alternating schedule of presentation of the two novel environments was used, either alternating every trial (Karniel and Mussa-Ivaldi 2002) or in blocks of trials (Gandolfo et al. 1996) .
The research we have reviewed suggests that for dual adaptation to occur it is necessary to provide an appropriate source of information so that the performer of the task can dissociate between the two novel environments. Studies by Krakauer et al. (2000) and Wang and Sainburg (2005) , which examined the extent to which adaptation to visuomotor rotations in a reaching task generalised to different target directions, suggest that the direction of target presentation might provide an appropriate source of information to dissociate between opposing visuomotor rotations. Krakauer et al. (2000) found that visuomotor adaptation to a single target in one direction did not generalise to targets in other untrained directions. This finding was supported by Wang and Sainburg (2005) , who found that when subjects were moved to a new starting position after adapting to a visuomotor rotation, generalisation occurred with respect to the direction of movement and not the end point position of the limb. Based on these results, we predict that the association of opposing visuomotor rotations with different regions of workspace should enable dual adaptation.
First, we examined if interference such as that observed previously between two opposing velocity dependent force-fields (Gandolfo et al. 1996; Karniel and Mussa-Ivaldi 2002) , also occurs between opposing visuomotor rotations when each is presented in the same region of workspace and associated with similar muscle recruitment patterns. We tested this in the first group of subjects by presenting two opposing visuomotor rotations to the same set of visual targets, with colour cues providing information regarding the direction of the rotation experienced on a particular trial. Although this resulted in a separate set of torque targets for each visuomotor rotation, all of the torque targets for both rotations required either a combination of flexion and supination torques, or a flexion or supination torque only. Previous work in our laboratory by Shemmell et al. (2005) examined the specific role of eight upper limb muscles using the same 2 degree of freedom isometric torque manipulandum in a task that included moving a cursor to targets in the flexion/supination (FS) and extension/ pronation (EP) quadrants. Electromyographic recordings indicated that those muscles primarily involved in the production of flexion torque (biceps brachii (short and long head), brachialis, brachioradialis and extensor carpi radialis) were also involved in producing combinations of flexion and supination torque, as well as a supination only torque. Therefore, for dual adaptation to occur in this case, the same muscles would have had to generate two distinct sets of torques in order to produce a straight cursor path to a target in the same direction, with the correct torque on a particular trial cued only by the colour of the visual display (see Fig. 1 ; Group 1).
We then investigated if the successful dual adaptation to opposing visuomotor rotations found by associating each rotation with separate limbs (Bock et al. 2005) could be achieved when both rotations are associated with the same limb. This was assessed in the four subsequent groups in which each of the visuomotor rotations was associated with a separate quadrant of workspace. The nature of the task for these groups was such that the torques generated to acquire the target sets presented in each quadrant required distinct patterns of muscle activation. As was the case in the first group, each of the opposing visuomotor rotations was associated with a separate set of torque targets, however, different muscles were used in the generation of each set of torques. The separation in workspace was achieved by coupling a visuomotor rotation in one direction with the generation of forearm flexion and supination torques (primarily produced by biceps brachii (short and long head), brachialis, brachioradialis and extensor carpi radialis), and an opposing rotation with forearm extension and pronation torques (primarily produced by triceps, pronator teres and flexor carpi radialis) (Shemmell et al. 2005) . Inherent to the separation in muscle recruitment patterns was a separation in the visual location of the targets, as the type of rotation received on a particular trial unambiguously specified the quadrant of target presentation (see Fig. 1 ; Groups 2-5). Initially, a random presentation schedule was used and each of the rotations was also associated with a colour cue in addition to the quadrant separation. The effectiveness of the quadrant separation without colour cues was then tested with both randomised and alternating presentation schedules of visuomotor rotations.
Methods

Subjects
Forty right-handed subjects (age range 18-34) participated in the study. All subjects provided written informed consent to the procedures, which were approved by the Medical Ethics Committee of the University of Queensland. All subjects were naïve to the experimental hypotheses and had not previously taken part in similar research.
Apparatus
While seated in front of a visual display, subjects grasped a vertical handle with their right hand. The right forearm was supported in a cradle in the neutral position with the elbow flexed at 90°(see Fig. 2a ). A 6 degree of freedom force/torque transducer (Delta ATI, Industrial Automation, USA) was used to record flexion/extension and pronation/supination torques imparted on the manipulandum, which were sampled at 2 kHz at an analogue to digital interface (AT-mio-16E-10, National Instruments, Texas).
Procedure
Real-time visual feedback of the flexion/extension (vertical axis) and pronation/supination (horizontal axis) torques was represented on the visual display by a cursor. The magnitude of cursor displacement from the start position was directly proportional to the level of torque generated. Visual feedback in the non-rotated blocks of trials corresponded to flexion and extension moving the cursor up and down along the vertical axis, and supination and pronation moving the cursor right and left along the horizontal axis. A low level of torque was necessary to acquire targets in order to prevent fatigue and ensure target acquisition was within the capabilities of all subjects. Pilot work indicated that no more than 10-20% of subjects' maximum torque capacity was needed to acquire all targets. Each trial began with the cursor positioned in the centre of the display, which was calibrated to zero torque prior to testing. Upon presentation of the target, after a random fore period of 1-3 s, a tone sounded indicating the start of the trial. Subjects were instructed to move the cursor from the start position over the target as fast as possible. When the cursor was moved into the target zone, defined as a region ±5% of the torque requirements, and held there for 100 ms a second tone sounded signalling the end of the trial. At this time the subject relaxed and the cursor returned to the start position. Each trial lasted for 10 s. Trials in which the target was not acquired were not repeated and the next trial commenced as normal.
Subjects were randomly assigned to one of five groups, each undertaking three separate blocks (PRE, TRAINING and POST) of trials. Group 1 received targets in the FS quadrant only, with Groups 2-5 receiving targets in both the FS and EP quadrants. In each quadrant, one target was presented along each of the horizontal and vertical axes, one central target at 45°to these axes and one target 15°to each side of the central target (see Fig. 2b , c). Targets were presented at a distance of 5.4 cm from the start position.
PRE block
All groups were presented with non-rotated feedback and a black display background in the PRE block (Group 1: 5 FS quadrant targets by 15 trials to each target, 75 trials total; Groups 2-5: 5 FS and 5 EP quadrant targets by 15 trials to each target, 150 trials total). The aim of the PRE block was to familiarise subjects with the manipulandum and provide a baseline measure of performance.
TRAINING block
Group 1 received only the FS quadrant 30°, 45°and 60°targets in the TRAINING block, with the visual feedback rotated either 30°CW or 30°CCW depending on whether the display background was red (CW rotation) or blue (CCW rotation). For Groups 2-5, the 30°, 45°and 60°targets were presented in both FS and EP quadrants (6 targets by 50 trials to each target; 300 trials total) with the visual feedback rotated either 30°CW or 30°CCW depending on the quadrant of target presentation. In addition to the quadrant of target presentation, Groups 2 and 3 were also provided colour cues in the TRAINING block with a blue display background for the FS quadrant trials and red display background for the EP quadrant trials. Group 2 received the 30°C CW rotation in the FS quadrant and the 30°CW rotation in the EP quadrant, and vice-versa for Group 3. Testing both these combinations in Groups 2 and 3 allowed us to verify that any adaptation observed was not specific to the rotation and quadrant combination presented in either group. Groups 4 and 5 were not given any colour cues and were presented with a black display background for all TRAINING block trials, with only the quadrant of target presentation providing information as to which rotation was being applied. The direction of the visuomotor rotation presented in each trial was randomised for Groups 1-4. Group 5 received each rotation in alternating sets of 15 trials in order to assess the influence of presentation schedule on dual adaptation when each rotation is associated with different quadrants of workspace. See Table 1 for an outline of the specific parameters for each group.
POST block
Group 1 received only the 45°target in the FS quadrant in the POST block. Since any adaptation found to occur in the TRAINING block for Group 1 would be a consequence of associating new patterns of muscle recruitment with each of the display background colour cues, it was necessary to include all previously experienced display background colours in the POST block. In addition to presenting the red and blue display backgrounds, the black display background used in the PRE block was also presented in the POST block (1 target by 40 trials to each display background colour; 120 trials total). For Groups 2-5, the 45°target was presented in the FS and EP quadrants with a black display background only (2 targets by 50 trials to each target; 100 trials total). In all groups subjects were instructed that they were returning to non-rotated feedback. The purpose of the POST block was to test for the presence of an after-effect and to assess the level of adaptation that occurred during the TRAINING block.
Target torque computation
The torque requirements for the targets were calculated as follows
where h T was the angle between the target and the positive x axis, s was the required torque for all single degree of freedom targets, and s FE and s PS were the torques in the flexion-extension and pronationsupination directions, respectively, for 2 degree of freedom targets. The torques required to reach all targets were re-scaled when visual feedback was rotated according to the angular rotation, h R, imposed (30 and -30). The required torques were calculated as
When exposed to the visuomotor rotation subjects were required to produce torques of equivalent magnitude in the direction opposite to the rotation in order to produce cursor paths directly towards the target location when mapped into visual space. Data reduction and analysis Movement onset was determined using an algorithm based on cursor speed (Teasdale et al. 1993) , for which initial threshold was set at 15% of maximum tangential speed. In order to assess the accuracy of the feedforward motor commands used in controlling the cursor, initial bearing of the cursor was calculated as the average angle between two vectors in a 10 ms window centred at 150 ms after movement onset. The first vector was defined by the visual target and start position, the second by the start position and the location of the cursor. Each subject's initial bearing data was plotted against cycle number. For all groups, each cycle in the PRE block was calculated as the average of five trials, consisting of one trial to each of the five target positions presented in a specific quadrant. In the TRAINING block, data was grouped by the direction of visuomotor rotation. For Group 1, each cycle in the TRAINING block was calculated as the average of three trials, consisting of one trial to each of the three target positions associated with a specific colour cue. For Groups 2-5, each cycle was also calculated as the average of three trials, consisting of one trial to each target position presented in a specific quadrant. In all groups only one target position was presented in the POST block, with each cycle consisting of a single trial. As was the case in the TRAINING block, data in the POST block was grouped by colour cues for Group 1, and by quadrant for Groups 2-5. For each subject and block, a power function of the form
was fitted using a least-squares fit criteria where y represents the value of the variable on any specific cycle, y0 the value of the variable on the first trial and x representing the cycle number. We obtained a predicted value for each dependent variable using the calculated values of a and b for the initial and final cycle of each of the three experimental blocks (PREinitial, PREfinal, TRAININGinitial, TRAININGfinal, POSTinitial and POSTfinal). The six predicted values were used in all subsequent statistical analysis. Withingroup comparisons were made using a three-way (3 trial blocks · 2 temporal locations {initial/final} · 2 visuomotor rotations), repeated measures ANOVA for each dependent variable. The following pre-planned contrasts were conducted to examine the performance of each group. The initial effect of exposure to the rotation was assessed by comparing PREfinal with TRAININGinitial. To evaluate if there was significant performance improvement to the imposed rotation TRAININGinitial was compared with TRAININGfinal. The extent of after-effect manifested as a result of adaptation was assessed by comparing POSTinitial with TRAININGfinal and POSTinitial with PREfinal.
Results
Five groups (1, 2, 3, 4 and 5) of subjects were trained to move a cursor by imparting forces on an isometric manipulandum to targets, which were presented on a visual display with rotated visual feedback. For Group 1, the direction of rotation of the feedback was specified only by the red and blue display background colour cues, with both the 30°CW and 30°CCW rotations presented in the FS quadrant. For Groups 2-5, the direction of visuomotor rotation was dependent on the quadrant in which the target was presented. During the TRAINING block Group 2 received a 30°CW rotation in the FS quadrant and 30°CCW rotation in the EP quadrant, and vice versa for Group 3. In both groups the presentation schedule was randomised and each rotation was also associated with a colour cue. The presentation of visuomotor rotations in Group 4 was the same as for Group 2, with the only difference being an absence of colour cues. The parameters of Group 5 were similar to those of Group 4, except that each rotation was presented in alternating blocks of 15 trials, also with no colour cues. Figure 3 shows a representative set of cursor paths for Group 1 and Groups 2-5, with trials taken from the initial and final stages of the TRAINING and POST blocks. Figure 4a -j quantifies performance of the five groups over the course of the testing session. Figure 4a -e shows initial bearing plotted as a function of cycle number, with each value representing the average across subjects. Predicted initial and final cycle values for each block, shown in Fig. 4f -j, were obtained by fitting power functions and are the basis of the statistical comparisons reported here. Initial and final values were also calculated by averaging the first and last three cycles in each block, which resulted in similar statistical outcomes to those based on the values predicted by the power functions.
Group 1
At the beginning of the TRAINING block when first exposed to the two rotations, subjects in Group 1 showed a significant rotation dependent deviation in cursor path when compared with performance at the end of the PRE block (see Table 2 ; Group 1 PREfinal versus TRAININGinitial). The initial bearing of trials to both visuomotor rotations, which were presented in a random sequence, did not improve significantly over the course of the TRAINING block (see Table 2 , Group 1 TRAININGinitial versus TRAININGfinal) with the error remaining close to ±30°(TRAININGfinal: FS 30°CW mean = -32.5°; FS 30°CCW mean = 30.4°). No significant after-effects were present when any of the display background colours were presented upon return to the non-rotated feedback in the POST block (see Table 2 , Group 1 POSTinitial versus PREfinal) with initial bearing returning to angles similar to those demonstrated at the end of the PRE block.
Groups 2 to 5
Initial bearing results were similar across Groups 2-5, as indicated in both Fig. 4 and the statistical outcomes presented in Table 2 . Upon exposure to the two rotations at the beginning of the TRAINING block, movements in both the FS and EP quadrants showed a significant rotation dependent deviation in initial bearing of the cursor path when compared with performance at the end of the PRE block (see Table 2 ; Groups 2-5 PREfinal versus TRAININGinitial). Over the course of the TRAINING block the initial bearings reverted to straighter trajectories similar to those present at the end of the PRE block in both quadrants. This indicated that subjects were able to successfully compensate for the two opposing visual rotations imposed during the TRAINING block (see Table 2 , Groups 2-5 TRAININGinitial versus TRAININGfinal). When returned to the non-rotated feedback, subjects showed significant after-effects that were specific to the quadrant of the target presentation and in the opposite direction to the rotations presented in the TRAINING block. The two comparisons used to assess the presence of an after-effect were POSTinitial versus PREfinal and POSTinitial versus TRAININGfinal (see Table 2 ; Groups 2-5).
The results obtained for Group 1 suggest that the subjects were unable to use only colour cues to adapt feed-forward motor commands when the opposing visuomotor rotations were presented randomly within the same quadrant. Groups 2 and 3 both received a randomised presentation schedule and in addition to being presented with colour cues, each of the rotations was also associated with separate quadrants of workspace. The difference between Groups 2 and 3 was the direction of the rotation associated with each quadrant, which allowed us to verify that dual adaptation in this task was not specific to the rotation and quadrant combination presented in either group. Our results indicate that unlike Group 1, subjects in Groups 2 and 3 were able to successfully adapt to both visuomotor rotations when each was associated with a separate quadrant. The possible mediating effect of the presence of a contextual cue, and the impact of the presentation schedule were examined in Groups 4 and 5, respectively. In the absence of contextual cues Group 4 demonstrated a similar pattern of adaptation to that seen when contextual cues were presented to Groups 2 and 3. This result indicated that the position of the targets in visual space, which lead to a separation in the underlying motor activation patterns used to acquire targets in each quadrant, was effective at enabling dual adaptation of the visuomotor rotations. Additionally, colour cues alone in this task (ie. Group 1) did not enable dual adaptation when the two sets of torque targets associated with the opposing visuomotor rotations were in the same quadrant and required combinations of flexion and supination. Furthermore, the colour cues did not facilitate dual adaptation in the presence of the quadrant separation. Group 5, which was included to assess the effect of the presentation schedule, showed a similar pattern of performance in Groups 2, 3 and 4. This result demonstrated that in the presence of the quadrant separation, both the alternating and randomised presentation schedules resulted in successful dual adaptation. 
Discussion
This study examined rapid adaptation to two opposing visuomotor rotations for torques generated using the same limb. The only source of information provided to the first group of subjects regarding the direction of rotation applied on a particular trial was the colour of the display background, with both rotations presented in a randomised fashion to the same set of visual targets in the FS quadrant and each set of torque targets requiring similar muscle activation patterns. Our results indicate that dual adaptation did not occur when only the colour cues were present and the presentation schedule of the opposing rotations was randomised. Furthermore, Groups 2-5 demonstrated that dual adaptation can occur when each visuomotor rotation is associated with targets presented in different quadrants of the visual workspace, and the motor responses to the respective rotations require the engagement of different muscle synergies. When each rotation was associated with separate regions of workspace, dual adaptation was achieved regardless of presentation schedule or whether colour cues were present. This was demonstrated by the finding that Groups 2-5 improved performance in the TRAINING block and displayed rotation/ quadrant specific after-effects in the POST block. Notably, the corresponding effect sizes were similar for Groups 2-5 (see Table 2 ).
There are two main areas in which our findings differ from those of Osu et al. (2004) . Firstly, the colour cues presented in Group 1 did not allow subjects to effectively dissociate between the opposing visuomotor rotations when each was associated with visual targets in the same quadrant of workspace. And secondly, dual adaptation to the opposing visuomotor rotations was able to occur with either an alternating or randomised presentation schedule of rotations when the quadrant separation was present.
We suggest the difference between the Osu et al. (2004) task and our own that could have contributed to the difference in results was the test for adaptation. Osu et al. (2004) used catch trials, which were null trials distributed throughout the training block presented with a colour cue. In these trials, the colour cue actually provides the subject with false information and it is not possible to determine whether an after-effect is the result of an explicit strategy, or implicit adaptation. In our study, subjects were made aware that they were returning to the non-rotated visual feedback in the POST block and still produced a significant after-effect, which can only be attributed to implicit adaptation. It is possible that the learning demonstrated in the Osu et al. (2004) experiment might have been the result of an explicit strategy, rather than the implicit adaptation which we found in Groups 2-5.
However, this does not explain why Osu et al. (2004) found that adaptation was more complete when the presentation schedule of the opposing force-fields was randomised compared to when it alternated every trial. Although the difference in results for each presentation schedule was emphasised in the Osu et al. (2004) paper, it is important to note that there was still an improvement in error in the alternating presentation schedule by the end of training (not significant at P = 0.075) and a small colour cue specific after-effect in the catch trials, both of which could also have been the result of an explicit strategy. In the present study, presentation schedule made no difference to dual adaptation when opposing visuomotor rotations were associated with different regions of workspace.
Why was dual adaptation observed in Groups 2-5 when each of the opposing visuomotor rotations was associated with different regions of workspace, but not 1 FS (30°CW) P < 0.05, f = 3.35 P = 0.44, f = 0.20 P < 0.01, f = 3.57 P = 0.11, f = 0.42 FS (30°CCW) P < 0.05, f = 3.49 P = 0.85, f = 0.05 P < 0.01, f = 3.72 P = 0.47, f = 0.19 FS (non-rotated) ---P = 0.66, f = 0.11 2 FS (30°CCW) P < 0.05, f = 0.68 P < 0.05, f = 0.67 P < 0.01, f = 1.18 P < 0.01, f = 1.20 EP (30°CW) P < 0.01, f = 1.34 P < 0.01, f = 1.36 P < 0.01, f = 1.40 P < 0.01, f = 1.37 3 FS (30°CW) P < 0.01, f = 1.46 P < 0.01, f = 1.33 P < 0.01, f = 1.40 P < 0.01, f = 1.53 EP (30°CCW) P < 0.01, f = 1.36 P < 0.01, f = 1.30 P < 0.01, f = 0.78 P < 0.01, f = 0.84 4 FS (30°CCW) P < 0.01, f = 0.82 P < 0.01, f = 0.75 P < 0.01, f = 1.25 P < 0.01, f = 1.32 EP (30°CW) P < 0.01, f = 1.15 P < 0.01, f = 1.03 P < 0.01, f = 1.77 P < 0.01, f = 1.89 5 FS (30°CCW) P < 0.01, f = 0.82 P < 0.01, f = 0.68 P < 0.01, f = 1.49 P < 0.01, f = 1.35 EP (30°CW) P < 0.01, f = 1.47 P < 0.01, f = 1.24 P < 0.01, f = 1.63 P < 0.01, f = 1.40
Exp Brain Res (2007) 179:155-165 163 observed in Group 1 when both were presented in the same region of workspace? In tasks which opposing visuomotor rotations are experienced, movement or torque production in the same direction results in cursor path errors that are in opposite directions, depending on the specific rotation presented on a particular trial. In Group 1, opposing rotations were presented to the same visual target positions, with the direction of rotation cued by either a red or blue display background. In order for dual adaptation to occur in Group 1, the same muscles were required to produce movements to two different sets of torque targets, with the correct set cued by the colour of the display background. To add further complexity to the task, if the two different sets of muscle activation patterns were correctly associated with the colour cues they would have produced exactly the same cursor path. This was a necessity if straight cursor paths were to be produced to the same target set in both visuomotor rotations. The critical difference in Groups 2-5 that enabled dual adaptation was the association of each of the visuomotor rotations with different sets of visual targets, resulting in differentiation of the muscle activation patterns used to acquire each set of targets. Under these circumstances, cursor paths to targets in different quadrants of the display were associated with distinct muscle synergies. Dual adaptation occurred in the presence of the separation in workspace regardless of whether colour cues were present and to both random and alternating presentation schedules. The interference observed in Group 1, and in previous studies by Gandolfo et al. (1996) , Karniel and MussaIvaldi (2002) and Wada et al. (2003) , thus appears to be principally a consequence of the conflict that arises when visual rotations are applied in similar regions of workspace. What specific aspect of the quadrant separation present in Groups 2-5 enabled the concurrent representation of the two opposing visuomotor rotations within the motor system? Previous studies by Bock et al. (2005) , Gandolfo et al. (1996) , Ghahramani and Wolpert (1997) and Hwang et al. (2003) demonstrated dual adaptation by associating opposing novel environments with distinct motor requirements. The association of each visuomotor rotation with different muscle synergies also promoted the dual adaptation exhibited by Groups 2-5. This interpretation is consistent with a recent hypothesis put forward by Bays et al. (2005) , that the amount of interference between any two novel environments depends on the extent to which there is conflict between the adjustments required to the adapted motor commands. In Group 1, where subtle alterations to motor activation patterns produced by the same muscle synergies were required to produce the two different sets of torques dictated by the opposing visual rotations, complete interference was observed. When the motor adjustments necessitated by the two visual rotations were associated with separate muscle synergies in Groups 2-5, dual adaptation was observed.
In addition to the different muscle synergies associated with each visuomotor rotation, the separation in the visual location of targets is also likely to play an important role in enabling dual adaptation. Adaptation to a visuomotor rotation occurs by modifying the mapping between a desired action, which is represented in the coordinate system in which the visual feedback is provided, into motor commands, which ultimately result in torques applied at the end effector. In our task the transformation was specifically of the relationship between the cursor position presented on the visual display, and the torques imparted on the manipulandum. We suggest that the association of each visuomotor rotation with separate regions of workspace, which is present in Groups 2-5, is the optimal method of enabling dual adaptation in this task. The separation in workspace is effective due to the absence of generalisation to other regions of workspace (ie. different target directions), previously demonstrated by Krakauer et al. (2000) and Wang and Sainburg (2005) . Achieving dual adaptation by this method also suggests that the sensorimotor mapping between desired cursor paths and motor commands is not fixed for all regions of workspace. Understanding the precise extent to which this mapping generalises to other regions of the workspace in this class of task is an interesting problem. Our results suggest that the level of generalisation of the sensorimotor mapping is dependent upon the specific patterns of muscle activation and the location of the feedback in the visual workspace. Further investigation is necessary to delineate the minimum separation in the visual and motor components of the task which enables dual adaptation, and whether the degree of separation is different for each component?
In summary, the salient source of information which enabled dual adaptation in the present study was the association of each visuomotor rotation with a different quadrant of workspace. Although we have chosen to describe the learning that occurs in Groups 2-5 as dual adaptation, it is also possible to describe the opposing visuomotor rotations as a single non-linear transformation given the separation in workspace. Regardless of the way the transformation is described, we suggest that this separation in workspace is necessary for adaptation to occur to otherwise conflicting environments. Dual adaptation occurred in the presence of the quadrant separation both with and without colour cues and regardless of whether a randomised or alternating presentation schedule of rotations was used. Previous studies by Bock et al. (2005) , Gandolfo et al. (1996) , Ghahramani and Wolpert (1997) and Hwang et al. (2003) induced dual adaptation by associating opposing novel environments with distinct motor requirements. Therefore, this aspect of the quadrant separation is crucial in achieving dual adaptation. While it is also likely that the visual separation facilitated dual adaptation, the precise extent of its contribution at present is unknown. Further experiments are planned to delineate the specific relative contributions of these factors. Whether these findings extend to reaching tasks or dynamic environments also requires further investigation.
